The Tax protein of Human T-cell leukemia virus type 1 (HTLV-1) is important for the T-cell immortalizing properties of this virus in vitro and is considered to be responsible for the early stages of leukemogenesis in infected hosts. Tax can upregulate expression of TNF-a and TNF-b, as well as potentiate apoptosis in activated Tcells and in serum starved murine ®broblasts. To examine the role of CD95 (APO-1/Fas) and ICE-proteases in Taxmediated active T-cell death, Jurkat T cells expressing (APO S ) or lacking (APO R ) cell surface expression of CD95 (APO-1/Fas) were genetically modi®ed to express hormone-inducible HTLV-1 Tax constructs. Hormoneinducible action of Tax alone was sucient to promote programmed cell death in CD95-expressing Jurkat T-cell clones. In contrast, clones lacking CD95 surface expression were resistant to the antiproliferative action of Tax. Both APO S and APO R clones exhibited Tax-dependent upregulation of CD95 ligand and TNF-a. Blocking experiments suggested that while the apoptotic action of Tax critically required ICE-protease function it was largely independent of cell surface interaction of CD95 ligand or TNF-a with their corresponding receptors. These observations strongly implicate ICE-proteases in Taxinduced T-cell death, and suggest a possible involvement of CD95 in this process.
Introduction
Human T-cell leukemia virus type 1 (HTLV-1) is the causative agent of adult T-cell leukemia (ATL), a metastatic disease associated with heavy in®ltration of (primarily) the skin, by infected CD4 + T-lymphocytes. Infection with HTLV-1 is also linked to autoimmunelike degenerative neurological diseases. Both types of diseases have long latencies, during which infected lymphocytes show enhanced activation and growth characteristics in vitro but are controlled in vivo. Paradoxically, appearance of metastatic leukemia invariably coincides with an apparent shut down of viral gene expression in the clonal tumor cells. Persistant Tax function is critical for immortalization of CD4 + T-lymphocytes cultured in vitro (reviewed by Sodroski, 1992; Yip and Chen, 1990) . Expression of Tax is also evident in HTLV-1 associated neurological degenerative diseases.
Several observations have pointed to antiproliferative eects of the HTLV-1 Tax molecule. These include, the diculties of expressing functional Tax in some transgenic mice (Bieberich et al., 1993; Nerenberg et al., 1991) , the observation of thymic atrophy in other transgenic mice (Furuta et al., 1989) , and apoptosis in Tax transformed Rat-1 ®broblasts upon serum starvation (Fujita and Shiku, 1995; Yamada et al., 1994) . To investigate the mechanism of HTLV-1 Tax-mediated diseases and T-cell transformation we generated hormone-inducible fusions between Tax and the human estrogen receptor ligand binding domain (ER). Jurkat T cell clones stably transfected and selected for the expression of the fusion genes responded to addition of estrogen or its analog hydroxytamoxifen by upregulation of T-cell activation markers. These events were enhanced by triggering the T-cell receptor (TCR)/CD3 complex with speci®c anti-CD3 monoclonal antibodies. The synergistic action of anti-CD3 and short-term Tax-activity led to apoptosis (Chlichlia et al., 1995) .
Tax is capable of activating transcription from the tumor necrosis factor alpha (TNF-a) promoter (Albrecht et al., 1992) and extracellular Tax protein stimulates tumor necrosis factor-b (TNF-b; lymphotoxin) in lymphoid cells (Lindholm et al., 1992; Tschachler et al., 1993) . HTLV-I infected cell lines have been reported to stimulate and constitutively secrete TNF-a and TNF-b (Paul et al., 1990; Tschachler et al., 1989) . It is also known that TNF-a can induce apoptosis in mature T cells through signaling cascades emanating from the p55 TNF-R (Laster et al., 1988; Zheng et al., 1995) . On the other hand several recent reports indicate that TCR-induced apoptosis is mediated via the CD95 (APO-1/Fas) receptor, involving upregulation of the CD95 ligand (CD95L) (Brunner et al., 1995; Dhein et al., 1995; Ju et al., 1995) . Furthermore, fresh leukemic cells from ATL patients as well as HTLV-1 transformed T-cell lines strongly express CD95 and incubation of the cells with anti-CD95 resulted in apoptotic cell death (Debatin et al., 1990 (Debatin et al., , 1993 .
In this report we used hormone-inducible HTLV-I Tax and closely related Jurkat T-cell clones expressing or lacking expression of CD95 (APO-1/Fas) to investigate the mode of action of Tax in activationinduced death. APO R which were completely resistant towards CD95-mediated apoptosis were derived from the highly sensitive APO S cells by long term culture in the presence of activating CD95 antibodies. These two clones were shown to dier phenotypically only by the lack of CD95 protein expression and to be equally sensitive to apoptosis by pathways independent of CD95 (Peter et al., 1995) . Our observations reveal sensitivity of APO S but not APO R to Tax-mediated cell death. The apoptotic eects of Tax were completely blocked by inhibiting action of ICE like proteases, but only marginally by blocking interaction of CD95 ligand or TNF-a with their corresponding receptors.
Results

Inducible activation of Tax in APO
S and APO R Jurkat cell clones
To investigate the mode of action of HTLV-1 Tax in T-cell apoptosis, Jurkat clones expressing (APO S ) or lacking cell surface expression of CD95 (APO R ) (Peter et al., 1995) were transfected with the dierent Taxinducible constructs TaxER, ERTax or ERDTax (Chlichlia et al., 1995) together with a selectable marker. Stable clones were obtained which showed inducible transactivation of an NF-kB-dependent promoter. An APO R ERTax clone exhibiting about 40-fold hormone-dependent induction of an NF-kBdependent promoter was selected (Figure 1 ). TaxER and ERTax expressing clones generated by transfecting APO S cells showed comparable hormone-dependent inducibilities of Tax activity (about 100-fold) as measured by induction of the NF-kB-dependent CAT reporter plasmid. Five out of ®ve of the tested stable clones expressing a truncated and constitutively inactive form of Tax (ERDTax) failed to transactivate the NF-kB-dependent promoter (Figure 1 ), as also previously reported (Chlichlia et al., 1995 (Peter et al., 1995) . Figure 1 Hormone-dependent transactivation of an NF-kB-dependent promoter in selected Jurkat transfectants. Stable transfectants expressing the inducible constructs TaxER, ERTax and ERDTax were generated by cotransfecting with the electroporation method each inducible construct (TaxER, ERTax and ERDTax) together with a plasmid expressing a selectable marker either hygromycin or neomycin. After selecting the cells, clones were obtained and around 50 clones in each case were tested for their transactivating potential in CAT assays using a CAT-reporter plasmid containing ®ve repeats of the NF-kB consensus sequence in a minimal TK promoter. Expanded clones were transfected with 3 mg of the reporter plasmid and 48 h before harvesting were incubated with 2 mM b-estradiol or 4-hydroxytamoxifen. Fold-inductions are indicated in comparison with the control cells, incubated for the same time period in the absence of hormone. Selected clones are presented in this ®gure
Anti-CD95 sensitivity of the dierent Jurkat clones
In order to test the anti-CD95-sensitivity of the Jurkat transfectants activating anti-CD95 antibody was used at dierent concentrations. Figure 2a shows the apoptotic population of the non-transfected Jurkat cells. APO R cells were resistant to treatment with anti-CD95, while the APO S cells did not survive incubation with the same amount of antibody. Accordingly, transfected APO S but not APO R underwent apoptosis after incubation of the cells with anti-CD95 ( Figure  2b) . A similar pattern of sensitivity to anti-CD3 antibodies was observed (data not shown), as indicated by accumulation of nuclei with subdiploid content of DNA. Increasing levels of apoptosis were observed with increasing amounts of anti-CD95. More than 50% of the dierent APO S transfectants underwent programmed cell death after incubation for 16 h with 10 ng ml 71 of anti-CD95 ( Figure 2b ). All the APO S subclones expressing TaxER or ERTax or ERDTax showed comparable sensitivity to treatment with anti-CD95 antibody (Figure 2b ).
Tax-activity alone induced apoptosis in the APO S Jurkat clones
The APO R Jurkat cells were resistant to the Taxmediated apoptotic death The eect of short-term Tax-activity on the dierent Jurkat clones was investigated. The APO S Jurkat TaxER and ERTax cells were very sensitive to the Tax-mediated kill. Treatment of TaxER-or ERTax-expressing APO S cells with 4-hydroxytamoxifen for 3 days induced apoptosis in these cells as evidenced from the accumulation of subdiploid nuclei in the treated cells ( Figure 3a ). The APO S ERDTax clone showed almost no detectable features of apoptotic cell death after addition of the hormone analog for the same time period (Figure 3a) . In contrast hormone-dependent activation of Tax in the APO R cells did not lead to apoptotic cell death ( Figure 3b ). The TaxER-expressing APO R clones failed to show any characteristic features of apoptosis even after hormone-dependent activation of Tax in combination with OKT3 stimulation (data not shown). Thus, the loss of CD95 (APO-1/Fas) expression correlated with resistance to Tax-induced cell death.
Induction of the CD95 ligand expression by hormonedependent activation of Tax
We then tested whether Tax-activity could induce CD95L expression in the transfected Jurkat clones. Hormone-dependent activation of Tax induced CD95L expression in a time-dependent manner up to 3 days in the Jurkat clones tested. In the TaxER-and ERTaxexpressing APO S clones a small increase in CD95L expression was observed after 24 h of Tax-activity. A further increase was observed up to 3 days, as evidenced by RT ± PCR analysis using speci®c primers for CD95L (Figure 4a ). The expression of b-actin and Tax remained unaltered for the same time period of Tax-activation (Figure 4a ). Tax-mediated increase in the CD95L expression correlated with the Taxmediated apoptotic cell death. CD95L is also expressed in the APO R cells after activation of these cells with OKT3 (Peter et al., 1995) . Similarly, Tax activity was able to induce CD95L expression in the APO R TaxER clones (data not shown). Northern blot analysis con®rmed the data of the PCR-analysis (Figure 4b ). The TaxER-expressing APO S clone was able to induce the CD95L expression about eightfold after hormone-dependent induction of Tax-activity for 48 h. When these cells were stimulated with ionomycin for 6 h the eect was additive; in this case, the CD95L expression was induced by 16-fold. Stimulation of previously activated T cells with ionomycin results in CD95L mRNA expression (Alderson et al., 1995; Tanaka et al., 1995) . Northern blot analysis using a cDNA probe speci®c for the CD95L showed that the ERDTax APO S clone was unable to induce mRNA-expression of the CD95L Induction of Tax activity led to upregulation of TNF-a gene expression but less than that observed with CD95L (Table 1) . Thus, hormone treatment of APO S ERtax cells for 48 h led to increased expression of TNF-a by threefold. This increase could be enhanced (12-fold) by additional treatment of the ERtax cells with PMA and ionomycin ( Table 1) . The ERDtax control cells did not show any Tax-dependent TNF-a increase. Thus, Tax activity alone was able to activate the transcription of CD95L and to a lesser extent the transcription of TNF-a.
Blocking of the Tax-mediated apoptosis by an ICEprotease inhibitor peptide
To test whether binding of soluble CD95L to CD95 was involved in the Tax-mediated apoptosis of the Jurkat T cells blocking reagents were used. An anti-CD95 F(ab') 2 fragment previously reported to block the CD95 receptor on the cell surface and a puri®ed CD95-Fc fusion protein that functions as a receptor decoy by binding soluble CD95L were used . Pretreatment of TaxER-and ERTaxexpressing APO S cells with these reagents led to a partial inhibition of hormone-induced Tax-dependent cell death (Figure 5b ). The combination of CD95-Fc and p55 TNF-R-Fc led to an increased but still partial blocking of apoptosis in both clones ( Figure  5b ). The CD95 blocking reagents (F(ab') 2 anti-CD95 or the CD95-Fc decoy) could completely block activation-induced death by OKT3 in the APO S cells (Figure 5a) . ICE, the interleukin-1b-converting enzyme, as well as ICE-like proteases are a family of Asp-directed cysteine proteases implicated in mediating active cell death triggered by CD95 (APO-1/Fas) and TNF-a receptors (Enari et al., 1995; Hsu et al., 1995; Los et al., 1995; Miura et al., 1995; Tewari and Dixit, 1995) . To investigate the involvement of ICE-like proteases in Tax-mediated apoptosis, TaxER-or ERTax-expressing APO S cells were treated with the ICE-inhibitor zVADfmk prior to incubation with 4-hydroxytamoxifen. zVAD-fmk is a broad spectrum ICE tripeptide inhibitor (Pronk et al., 1996) . Addition of 2 mM of 4-hydroxytamoxifen to the TaxER-or ERTax-expressing APO S cells for 72 h led to apoptosis in 40 ± 45% of the cells (Figure 5b ). This process could be completely inhibited by treatment of the cells with the zVAD-fmk The cells were incubated with 2 mM 4-hydroxytamoxifen for 48 h and/ or with PMA (20 ng ml 71 ) and ionomycin (1 mM) for 6 h. 20 mg of poly-A RNA from each cell line was analysed by Northern blot analysis, using as a probe a full length cDNA to mouse TNF-a. Relative intensities of the TNF-a speci®c bands were standardized in comparison to GAPDH speci®c bands (hybridized with GAPDH probe) in the same lanes, using Phosphorimager (Molecular Dynamics). The fold induction is indicated as compared to control cells incubated in the absence of 4-hydroxytamoxifen inhibitor peptide in both cases (Figure 5b ), indicating the critical role of ICE-proteases in the Tax-induced apoptotic cell death.
Discussion
Expression of Tax has been suggested to be sucient for immortalising human T-lymphocytes in vitro. Herpesvirus saimiri recombinants encoding Tax were used to immortalise primary human CD4 + cord blood lymphocytes in culture (Grassman et al., 1992) . A single outstanding report documented transduction and immortalisation of human peripheral blood lymphocytes with retroviral vectors expressing HTLV-1 Tax alone (Akagi and Shimotohno, 1993) . These reports are in agreement with a potential anti-apoptotic eect of HTLV-1 Tax (Copeland et al., 1994) . While the contribution of Herpesvirus saimiri genes to T cell immortalisation cannot be ignored, presumption of an antiapoptotic eect for HTLV-1 Tax has been challenged by other investigators.
Fresh leukemic cells from ATL patients as well as HTLV-1-transformed T-cell lines were reported to be sensitive to CD95 mediated (Debatin et al., 1990 (Debatin et al., , 1993 and activation induced cell death (Guyot et al., 1996; Leno et al., 1995) . Apoptotic eects of HTLV-1 infection have been reported in conjunction with the associated degenerative disorders (Kalden and Gay, 1994; Muller et al., 1995; Seto et al., 1995; Yoshiki, 1995) . These observations in principle agree with a potential apoptotic eect of Tax, claimed by other reports (Chlichlia et al., 1995; Fujita and Shiku, 1995; Yamada et al., 1994) and including the present one. The use of an inducible Tax in the present investigation is clearly advantageous as it allows analysis of early Tax eects, and avoids the necessity to select transfected cells against potential antiproliferative eects of this oncogene.
We have exploited a post-translational inducible system, based on fusion of Tax to the ligand binding domain of a mutant human estrogen receptor, with low anity for ligand. With this system we could demonstrate T-cell activation and (when combined with antibody stimulation of the TCR/CD3 complex) activation induced apoptotic cell death as early eects of the action of HTLV-1 Tax oncogene in Jurkat Tcells (Chlichlia et al., 1995) . In the current study two Figure 4 Induction of the CD95L expression by Tax-activity. (a) Semi-quantitative PCR-analysis using primers speci®c for the CD95L, tax and b-actin. The APO S Jurkat cells were induced for dierent time points with 2 mM-estradiol and total RNA was isolated. After RT ± PCR the PCR products were run on a 1.2% agarose gel. The ampli®ed products speci®c for CD95L (447 bp closely related subclones of Jurkat T cells with dierential expression of CD95 were used to investigate the mechanism of action of Tax in apoptosis.
The potency of Tax-mediated apoptosis correlated with the expression of CD95 and sensitivity of Jurkat cells to treatment with monoclonal anti-CD95 antibody. Thus, short term (1 ± 3 days) exposure of APO S to Tax activity led to extensive genomic DNA damage characteristic of apoptosis, as evidenced from the appearance of subdiploid peaks in the¯ow cytometric analyses of propidium iodide stained nuclei. In contrast, the Jurkat cells lacking APO R were completely resistant to the hormone-induced (Tax-mediated) cell death. The Jurkat clones did not express endogenous estrogen receptor, and the eects of estrogen in the cells were reproduced with the estrogen analogue 4-hydroxytamoxifen. These results suggest involvement of CD95 in Tax-mediated apoptosis, independently of the action of the TCR/CD3 complex.
Using Northern blot analysis as well as semiquantitative PCR it was shown that hormone induction of Tax activity and apoptosis correlated with the upregulation of CD95L. This mode of action is reminiscent of the previously reported mechanism of action of HIV-1 Tat . The action of HTLV-1 Tax was clearly more potent since HIV-1 Tat by itself was not sucient to induce transcription of CD95L, but required cooperation of Tat with the action of TCR/CD3 complex or CD4 (Li et al., 1995; . The same APO S clone as used in the present study were used in the study with HIV-1 Tat .
Surprisingly, Tax-mediated apoptosis was only partially blocked by reagents that inhibit interaction of CD95L and CD95. The same reagents blocked OKT3-mediated cell death, and had been shown to block the combined eect of HIV-1 Tat and OKT3 . The antiproliferative eects of Tax were completely blocked by pre-treatment of APO S Jurkat cells with the broad spectrum ICE tripeptide inhibitor zVAD-fmk (Pronk et al., 1996) . ICE, the interleukin-1b-converting enzyme, as well as ICE-like proteases are a family of Asp-directed cysteine proteases implicated in mediated active cell death triggered by CD95 (APO-1/Fas) and TNF-a receptors (Enari et al., 1995; Hsu et al., 1995; Los et al., 1995; Miura et al., 1995; Tewari and Dixit, 1995) . The complete inhibition of Tax-mediated apoptosis by zVAD-fmk clearly implicates ICE-like proteases downstream of the death pathway initiated by Tax. The partial blockage of apoptosis by blocking antibodies speci®c for cell surface interaction of CD95L to its receptor implies that the binding of CD95L to CD95 at the cell surface was not the main pathway of Taxmediated apoptosis. This observation cannot rule out intracellular interaction of CD95 and CD95L, or activation of an alternative pathway activating or cooperating with the CD95 signaling.
Tax is a transcriptional activator of TNF-a (Table 1 ) and lymphotoxin/TNF-b (Albrecht et al., 1992; Tschachler et al., 1993) . However, puri®ed p55 TNF-R-Fc fusion protein only partially inhibited Taxmediated apoptosis, even when combined with blocking anti-CD95 antibodies. It has been suggested that the CD95 pathway is involved in the early and TNF pathway in later apoptotic events following activation of mature T cells (Zheng et al., 1995) . A role for TNFa in Tax-mediated cell death would be consistent with our observation that APO R Jurkat cells although apparently resistant to short term activation of inducible Tax, could nevertheless not express active Tax constitutively.
Taken together, observations reported here indicate that Tax-mediated T-cell death is critically dependent on the action of ICE like proteases and possibly on the expression of CD95. This insight into the mechanism of Tax-mediated cell death provides an explanation for earlier reports on the apoptotic properties of the HTLV-1 Tax. Furthermore, it indicates a possible role for the CD95/CD95L system in the pathogenesis of HTLV-1 associated diseases.
Tax is not the only potential oncogene with antiproliferative action. Similar properties have been reported for the Adenovirus E1A (Rao et al., 1992; White et al., 1991) , Epstein-Barr virus EBNA1 nuclear antigen (Gregory et al., 1991) . and the human papilloma virus E7 proteins (Pan and Griep, 1995; Tommasino and Crawford, 1995) . In all these cases complementing viral proteins with anti-apoptotic properties (adenovirus E1B, EBV latent genes, and HPV E6 respectively) act to prevent cell death and direct the infected cells into a preneoplastic state. A similar mechanism is likely to apply to HTLV-1. We postulate that action of viral apoptotic and antiapoptotic genes play an important role in the etiology of HTLV-1 associated diseases.
Materials and methods
Stable cell lines and transient transfections
The constructs used in this report have been described earlier (Chlichlia et al., 1995) . Jurkat T-cells (Gillis and Watson, 1980; Peter et al., 1995) with dierent sensitivity to anti-CD95 antibody were sorted using a FACs vantage for surface expression of CD3 and CD2 and cloned by limited dilution. Cells were maintained at 378C, in RPMI 1640 medium without Phenol Red (Gibco BRL) containing 5% FCS and b-mercaptoethanol (2610 75 M).
APO
R Jurkat cells were derived from the parental APO S clone by long term culture in the presence of lethal dose of activating CD95-antibody (Peter et al., 1995) . The resistant clone was checked by Northern and Western blot analysis. APO R Jurkat cells express CD95 mRNA but no corresponding protein or activity could be detected. Both cell types (APO S and APO R ) were equally sensitive to CD95-independent apoptosis and express the same cell surface markers (Peter et al., 1995) . Both cell types do not express endogenous estrogen receptor, as evidenced by Northern blot analysis (data not shown). Nevertheless all the experiments were performed with the estrogen analogue 4-hydroxytamoxifen.
The plasmids pRK7Tax, pRK7TaxER, pRK7ERTax or pRK7ERDTax were transfected together with p-hygro (based on pXTI; Boulter and Wagner, 1987) , but expressing hygromycin phosphorybosyl transferase gene from the MLV LTR) or with pSV2neo into the dierent Jurkat clones by electroporation (960 mF, 250 Volts). Forty-eight hours later the cells were plated (3000 cells/well) into 96 well plates and selected for 3 weeks in RPMI 1640 medium without phenol red, containing 5% FCS and 0.2 mg ml 71 hygromycin (Calbiochem) or 0.8 mg ml 71 neomycin/G418 (Gibco BRL) respectively. The resistant clones were expanded and around 50 clones in each case were tested for Tax-transactivation by transient transfections (using the DEAE-dextran method) and subsequent CAT assays using the NFkBCAT plasmid for reporter as described (Chlichlia et al., 1995) . The Taxactivity was induced by incubating the cells with 2 mM of 17b-estradiol (Sigma) or 4-hydroxytamoxifen (Zeneka) for 48 h before harvesting the cells for CAT assay. The ERDTax-expressing transfectants were tested by RT ± PCR analysis using speci®c primers for the truncated Tax and by Northern blot analysis using a radiolabeled tax cDNA probe.
Apoptosis experiments
Apoptosis was assessed by determining of DNA fragmentation, after lysing the cells in a hypotonic solution (0.1% Sodium citrate, 0.1% Triton X-100) containing 50 mg ml 71 Propidium Iodide as described (Nicoletti et al., 1991) and analysed by¯ow cytometry using a FACScan analyser with Lysis II TM software (Becton and Dickinson).
Antibodies
The CD3 hybridoma OKT3 (IgG2a isotype) was obtained from the ATCC (Rockville, MD). For mAb stimulation of Jurkat cells, 48 well plates were coated with 10 mg ml a CD95L probe and as a control with Tax and b-actin probes.
Northern blot analysis mRNA was isolated from Jurkat T-cells at dierent time points after addition of the hormone according to (Vennstrom and Bishop, 1982) . mRNA (20 mg per lane) was electrophoresed through a 1% agarose-formaldehyde gel and blotted to a nylon membrane. Hybridization was done under high stringency conditions with a 447 bp 32 Plabeled human CD95L fragment as described . The same blot was also hybridized with a human CD95 fragment. Glycerolaldehyde 3-phosphate dehydrogenase (GAPDH) was used as a control for RNA loading.
The hybridized blots were scanned by Phosphorimager (Molecular Dynamics) and analysed with ImageQuant (Molecular Dynamics).
